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The bunch injected into the main linac of a linear collider may 
have oiTwts in transverse angle and position, may have a phase 
riror ; longitudinal position offset) and, furthermore, may be 
optical !> msrnaidn-d. Each of these injection errors reduces the 
luminosity and must be held within tolerances. 
Transverse angle or position offsets increase the emittance 
throughout the linac due to filamentation caused by transverse 
wake-field and chromatic effects. Simulations 1* 2 have been used 
to calculate the maximum injection jitter to keep the emittance 
blowup at the end of the linac below an acceptable level, say, 10 
to 2S%. Jn Section '2 tolerances are calculated using this maxi­
mum jitter for field stability and transverse vibrations for mag­
nets of the Damping Ring and the Ring-To-Linac (RTL) trans­
port line. No components upstream of the damping ring have 
to he considered, because after several damping times orbit and 
b<rarn distributions reach an equilibrium entirely determined by 
the damping ring components themselves. Two examples show 
that the field stability tolerance, which determines the stabil­
ity of the magnet power supply, may depend strongly oo the 
interconnection of the magnets. 
The effect of optical mismatches on the emittance at the end of 
the linac is calculated analytically. The tightest tolerances on 
magnetic elements stemming from these effects are listed. 
The phase tolerance is determined by the energy acceptance of 
the final focus system. It imposes tolerances to the integrated 
field strength of the damping ring and RTL bending magneta 
and the uunch compressor rf-phase. 
In Section 3, measurements of injection jitter and the effect 
of betatron oscillations caused by changes of the angle or posi­
tion of the incoming beam are described. These measurements 
were taken with BN5 damping which relaxes certain tolerance* 
by an order of magnitude. 
In Section 4 injection jitter tolerances for a linac of the next 
generation are given. As an example, parameters for the Next 
Linear Collider 3 (NLCj being designed at SLAC are used. 
2 SLC Injection Tolerances 
Tokranct /or dipoltMke field cnanygg- For a bunch population 
of 5 - 10 1 0 particles the requirement that emittance growth not 
exceed 25% limits the amplitude ||xj| of jitter in the injected 
beam position x or angle i , normalized by the beam size a = 
v ^ , t o -
where a and $ are the Twiss parameters and the beam is round 
with a (non-invariant) emittance t S 6.6 • 10~~ammmr*d. A 
change in any dipole field seen by the beam on its way from the 
damping ring to the linac will excite a 0-tna oscillation with 
normalized amplitude 
?-/ Aw. Atf (2.2) 
Atf being the orbit deflection due to the dipole variation. 
BXS damping would loosen this tolerance by an order of magni­
tude? (see Section 3). But the tolerance for every single element 
would have to be tightened a factor of \/n to take into account 
the cumulative elfect of n injection elements. For the SLC, the 
single component tolerances are calculated without BNS damp­
ing which is then expected to compensate for the cumulative 
l„>™ 
If,. i 
effect. Table 1 lilts liability tolerances for dipote magm-
eulated using eqns. (2.1), (2.2). It shows two exampl. 
hardware design. t.e., interconnections of magnets, em­
power supply tolerances: 
- The extraction septum, being a very strong magnet. h.*s an 
unattainable tolerance if not powered in series with a bending 
magnet of equal strength located approximately ISO* i.i b<-s.i 
tron phase advance away. The new tolerance is then relieved 
by nearly an order of magnitude, but is still the tightest of 
the whole injection system. 
- The RTL (ring-To-Linac) is a transport line built around iui 
embedded achromat* The last bending magnet before the 
linac 'HBtt is shared by positrons and electrons and was pow 
-red seperately whilst all the other bending magnets of the 
RTL's were powered in series. Powering the two RT1. bends 
and the HBO magnet in series loosened the power supply tol 
erance by nearly two orders of magnitude. 
Finally, trajectory correction coils with the tightest tolerance, 
because of tneir high strength and djjpoic are 'tstcd. 
Dipole magnets 





Septa & B-80 in series 2 .H-10- ' 
RTL bend string 
HBO(Uat Bend in RTL) 
4.75-10-* ' 
4.75 • 10-" 
HBO Ic RTL bend string in series 3.21 • 10-* 
Septum Backleg 5.0 • 10" s 
XC 310/430 (RTL) 4.0-HT S 
Table 1: Steering tolerances for important dipoles, 
Quainpote Staring references- Static trajectory dispUcc-
ments x,y in quadrupoles make the launch sensitive to fluc­
tuations A / / / in integrated quadrupole strengths. To fulfil! the 
requirements of the linac injection tolerance, the product of the 
trajectory offset and relative field change in the quadrupole has 
the upper limit: 
l0"mm7ffi ™ 
The tightest tolerance items from the large offsets the extraction 
kicker produces on the last turn in the damping ring quadmpolr, 
near the septum: 
^j- < 3.32 • 10"5 for QFI(r a 12.8mm) (2.4) 
P ^ | S I JO-
—• < 1.07-10-^ for QDI(rS? 5.9 mm) 
. Work supported by tlie Oenartnwm *jf Energy, contrast D£ - AC03 
Vibration of the magnetic center of a quadrupole deflects Un­
burn enough to violate the injection tolerance unless the libra- ^ 
tion amplitude g 5 
78SF00515. 
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•v:i^:t- ir .- J ; 
[».:.- ,u :!.i- In ^!-.liu:g nf -hi- RTl. 
;(•«>in have the Eigii'.cj! vibration 
<• i ) ; 4 / . i n (171 
Dtfpt.rsion mtsma'ch Dispersion in the beam injected into the 
linac i« manilested after aci-eier.it ion as an eni i t lauce increase 
1 
- 1 i^ .a , 
where :c' *" i> ihe Jintid! fractional energy spread and the dis­
persion aiMp'iliiiie 
An enmia i ice \>W>,< up of A t . t < 0.!"2 requires , 7!' < i m m (for 
(6'}'m = 0 01. and J = i n . ihf design 1 earn J function at the 
injection po in t ' 
A fofViaiiii? :l-,(-:i;rtl;iMi A i / . in ihr HTL pi educes an invariant 
ampl i tude 
W . ' \^ .'I^UAJ (2.10) 
3-mi-;inat.-h n*'vi«:i.Mi? i:, the g ^ i n e t ry of phase space may be 





A J ! - a t i -d±3, j : 2 1 " 
T h e i JAJ /^ i ; tolerance is entailed ;.v *.h*' fact tha t a i?-b«*at is 
f 'Lar.dan'i d<uiip<-d <--ft"r A :-i.. • * U a i w A^ ' in the huac at 
the r>:;en<e <if i'i:,:T!.iii--" j*r<*wth through tncoli-tfiil chromatic 
filameji'alion 
A- r . A.r, y i J ( l - (co S (2A v l Hj) 
- ( r o s i i i i - j ) ) } ] ' - 1 (2.12) 
A>.'j = - I . ' J T . B K " for t:»- l.ill jnai- . so ( r W 2 J i v i ) ) t * " \ n 
cmit tanr i - Mow ijp „[ A t / ( -̂  0 12 thus requires | | A 3 / 3 | | < D.*JO. 
A quailruprjle iti>'iii;t!> fliirtualiuii ATI / / ) in the RTL produces 
a J -bea l 
.A-V-*!1 = !Ar»i - ! . .<AH//) | (2.13) 
T h e ui.-iLMii't fit-lit tolerances imposed by these optica) per turba­
tion t.iliTaririts are all looser l l ja i I D " 1 . 
IrijtcU.jn p!iu.ii tnlfrinr': A r!i;tn£r :n the bunch compressor 
f"-Ti<l btTruytk A * shift.. th-> ;>r,ase A s of lb«- bunch relative to 
tli.* h:i«. rf- - ̂ ;iif; t!.i; 'li«- <-i.*-rgy rt('.«-r ac<-<\erati<m l>y 
i f A 9 




U w r u t 
(2.1-1) 
'2.1op 
i'i. is '.),'• !i:i.ti' ;F i sr: ii'.cir w,s 
LI,*- <*ii.Ft :n l.^riy. ti . ' i . : . .•.! - jui i t 
ili-(-i.Tti'/:t -S:ii»-r H\r, -
• r i - i ;» : . r r . a n d /f-)d = / y < 0 is 
:: N I T ^'wAi in frftf ' I D I I . T . rne r sy . -
.i.'-ViMWniEi"* a n d •$ ~ J y1 : i : » . ••[. 
< :j J 1U ' 12. Hi) 
t-( rnftiiM-ii!! Af'.'-'A <" 'I 10 ' <>i A v •_' fMi-1* l*» p-main wjilnn 
the accent an i-e of tin; final locus. A shift i" bean'. er;eri;y ui the 
Uunc!'. comp-is ior has an equivalent otfecL - :im» pre, :si-ly the 
same toiorance applies \o tli*.* damping i.ni; L»-!i.)ing miti?:«-ii. 
3 Injection J i t t e r Measu remen t s 
The transverse position of an electron bunch was measured at 
two position monitors 20 m from ihe SLC injection puini. and 
90° apar t in be ta t ron phase. Due to the phase dilTerenre the 
da ta represent x and x ' displacements. Data were taken for 
both monitors on a single pulse and 100 consecutive pulses wer-c 
recorded. A scat ter plot is shown in Fig. 1. The total «.ibserved 
mj-.'ction error is on the order of 100pm (gaubii;in sigma. J == 
10mI . The correlation of the two positions indicates thai the 
injection j i t t e r occurs at a part icular betat ron phase at which 
there are several ups t ream magnetic component . Subsequent 
to these measurements , efforts have identified and elit:i;:iared 
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Figure 1: Position of 100 consecutive pulses in the x,x' space near 
the injection point in the linac. 
T h e effects of injection j i t ter can also be seen in trajectory mea­
surements . A single electron bunch was injected into the linac 
a t 1.15 GeV and accelerated to 47 GeV. A dipolc magnet early 
in t he linac was varied t o produce a betat ron oscillation. The 
difference between the before and after trajectories is shown in 
Fig. 2. A l a l o w bunch i » t e n s i t y ( 5 - I 0 9 e " ) t heos r i l i a t ionda jnps 
down due to acceleration. At a higher intenjiLy(3.5 • ! 0 l c V ~ ) 
transverse wakcfields drive the core and the tail of the Lunch to 
larger offsets. T h e resulting oscillations a t the end of the linac 
a re larger even though the injection e t io r is ide i i tka l . Th** mea­
surements shown here were taken using full BNS d a m p i n g 5 to 
contain the transverse wakefields? Clearly, the allowed injection 
error depends on the beam intensity. 
T h e injection displacement which causes the average beam po­
sition at t he end of the linac t o be cipi.il t o the brain size 
[<tt — 12(J/tm) can be calculated from the da ta in Fig. '2. In­
cluding d a t a at other intensities these displacements are shown 
?ii Fig 3. 0:i a log-log plot t he da ta fall on a line very accurately 
and can he extrapolated to higher currents. For example . UH: 
•iiaplareme-nt at T. . r ;10 J "e" must be less than 40/mi, a& lompared 
to tiie injection beam siz«r of 16-5 /.in. These values a re overesti­
mates . The monitors measure the average beam position only. 
It is likely tha t the l&il of t he beam, from tin* wakcfieM^ exii-uit* 
significantly beyond the core. Thus , the effective omit tance \WJA 
5 x 10 ^ ia) 
^ Y ^ W M r 
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Figure 2: Differcm-i* orbit before ami a ft or rli.iuging a dipnie in tlio 
be^iiinmj* uf tli*1 1in.ii" for two diHeri'Mi buntil po|»iil;\Lion±i. 
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Figure ',1; Itiji><iin!i ii>ler,tii<'t» v;.. huml) population as -iicui-irud iu 
tbeSI .C 
also grown mul a c r u l l e r .illom-d (lii[H<i<<-infii<, is required. A 
similar pint ii.-iiiiir me.tjiiirrij einitliijio'.s will .SIXJII be in/nle. 
4 Extrapolating for tho Next Linear Collider 
'I'lu'n* me twu main tltlfeifiii-i-s lii'Uwfn the Nl.C* ami ilif S M ' 
injectiirii svM**iu -is l.ii A.S tiili'r.'iiuri's' Air coiKcriietl. 
Two bum! . i-(ji!'|irehsnin i-y.su'ins a c (H-Mled («,• re.iWi lh«- re 
.jiiiird Uuv.i-li l»'i-.:i,Ui n( 7»,;!ii '1 I IPMIM . i.inpn s~i-»h -• ' lion i-
t»»iwitcd riftlit .tfii'r tli-' i!.iin:<iiii: rirm i-sii.u hen '1 In- l>njic!i ,,-
llien at t eler.»!«''l lit ;i !:r>! im.iv iPJ." lu .in eutT.i;y o\ 17 l i r V . 
It I heli ••Mi«-r-Hn* i " •.•!:•! bui .ri i t-iHiijii!•>.-«•«: . U P I t i i r r r a f h r l a e 
ni.Mti i;ii;tr i . \ H . ' I !;r -I-I mid * (ii:ijii----Mtjn ii lFerit ; |n - J^II.IW 
stnl»ili1v rr<]-.n:*'iii'Mli-, 
1 he S H ' n|iiiaii-» wiih :*HIIII| beams, whilst tlit? NLC de-
ni:imis li-v, \< i t i . .d ».'i!-.)i'.....-e> lightening some optical lol-
I'l.iu* ev in iric u n i t .L! pLuir'. 
injedwi 0>'-:t I'liven the e!-mnv of the muii ibunch mode (_Ar £ 
2.ji - l ( ) t 0 r>i*r ij:ji:ihl ilu* ex-peer, f.: ••vt-akaeii of the inlra-bunch 
irii»sviTsH' » tkerlel.i fist* trie :IIU-I.!MH orbii tolerance at or near 
the limiting vrtl-ie ;ii£A:i', (•••r Af-'< <- ,2~)1 
(4.1) 
determined i\v ...iie:e:.i :h:>.i:i.r.:c tilon-enlation. 1 T h e NLC 
fi:i:!t<i:i.-<.< , r T - S'ill,nii,.-i.i.l and ty - * .nmn jirad a t l . S G e V ) 
sh.-n t-n-.n! I:;..,: •_ I ;::i'. .. . ' I . ' and i.v I S 1 uiM.ML) *l ,3 « 2 m. 
Opitiiil V> i.'icoc.'i.":^ At the Li-ginninc:. of both NLC l inaeswe 
ex in-:: i / " ) ' = '"'! .lii.! .-.' :>• oe .i few meters . T h e n A e / ( < .12 
requires 
li-.-1], < 'ttuiiK ;; ' ;! y < O.J mm at the pre-linac, and 
ii'/'U ^ ' l l ' - l t ) - li'/i'v - ^-^ m m : l 1 t ' i e t n a ' n linac 
Phu*i Toll ra'ir..* lU.Uth CnniiHtssnrs- "I'htf acceptance of the 
fmaritH"ns"71ic:<ii.s tli.ir. t!i«M':n.'rg\ error at t l i f e n d of the linac 
AL'//i" ^ 1 0 " ' . or in m i l l s . i i inf ti.>u phas* 
3,.- - i t a u o . 1 " ' U.U.iT0 — 0 21° (4.2) 
for o - 15°. \\'«' must I I IOIM' /fM - ( ( T - ) / ( i j ) ) i in order to 
ol)iai:i a hunrli l.-iiiitli ^ - : * : jjivcn an initial .Miergy spread (^o)» 
and so twpivi for I lie - . 1 " J s t age 8 /?.« S S D / n n / I O " 3 = SO m m . 
Since 4-M|. = 5 T V l l . . l t i ! L ( i = 0.2:134ram" 1 
~ < ( l a n o ) - ' o S:1S • 1U-* - 3.1 • t O " 1 (4.3) 
Precisely t l i r siiiw: reMri.iuMi (mist be placed on the frac­
tional energy .ievialimi .it tlie s tar! of the 2 n " bunch com­
pressor. S ine- l!ic .uiM>ciatcd acciM-ratii's section mus t have a 
vu iuge obeying , l / f . ' .- Ikrliv)'' = 9 0 2 M e V / 1 6 . 2 G e V for 
Av — 2 T ^17.KJ(M1/.1. it* power sotjree must have a s tab le rf 
pti:u«e up to 
-Vf :. l"-m : \ i i ) " ' U.iWB" - • 0.-T2° (4.4) 
In a-.ldiLioi. the Cl st.n;.- iiiiii.-.i lih.ic plia^e must then satisfy 
A o < (t.i.io,.i . " ' t i - .n J»U 5 " ' il.On-lS" —0.07° (4.S) 
T h e 1 s t staiie lien.li cuir.pie.^or lias « i S = u . 5 0 n i m / 1 0 _ J = 
.".OUiurn ami ilu- linac !,.^ i-.j - .il VVSli i i izn" 1 , so its bending 
magnets , a< u . M ,;•- -Ji.-..- , : :1:.- .ianipia.!: . i n s reipiire 
— < i i .m ..•>,.; ) - i i l a i u v n I : L'.T'J- 10"° — 3.S • 1 0 " s (4.6) 
If its nieeler.ilnii; >.,!i.,n if Miiitce has /L\: = t , . L , AiJ> < 
( t a inVi . ) " ' lUitOMi ) ' <> 11(11 -" as for the liuac. 
1 K 1. K ...... / / I> . Ir.».-.- N.i.l N,( NS-32 (l!l(15) IliM. and 
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